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TIlE s rRtIc IURE ~\NI) ~~~r~n~:ric AND ELECTRICAL I:()NI)u(:l’ I v i i i  I’I~OI’ER’I l I

() 1 l ifE I 1L~R; E U~ANS ~~~ COHI’OUND 1, 11 —Di$E’I’lIYLI• ERR~ii:l~N I UM l~ is—

I ElEACYAN OQUI NOULMETHANE) , ((CH3C5H4 )2FeJ(TCNQ) 2.
a aScott R. Wilson, Peter J. Corvan, Reginald P. Setdcrs ,

Derek J. Hodgson,a Maurice Brookhart ,a William E.
Hat field ,8 Joel S. Miller ,t’ A r t h u r  H. Rel s , Jr.,C 

dP. K. Rogan ,C Elizabeth CebertC and Ar thur J. Epstein

Kenan Laboratory 045A, University of North Ca roliii a ,
Chapel Hill , NC 27Sl4~ bRockwell Science Center , Thousand Oaks , CA 91360
Ar8onne National Laboratory, Argonne, IL 6O419~ dXerox Webster Research Center , Roche ster , NY 16644

M et a l l ocen e s  react w i t h  tetr acyanoquinoci tmethan e (TCNQ) to
y i e l d  charge t r an s f e r  compounds prcdon i inant l~ of the st o l c h l o r n v t r y
[ii~etatloceneJ [’rcNQ) or [metallocene][TcNQ)2. 

t ,2 The 1:2 COtlIpOitiIdS

have re l~ t lvcly hi gh electrical conductivttles w h i c h  range f r o tn  4
ohm ’cm 1 for t(C5H5)2Fe)[TCNQ]2 to 0.03 ohm~~cm~~ fur [(cH 3C5II4)2r I —
[rcNQ]2 ,~ but , up to now, difficulties in obtaining high qu a l i ty

s in g l e  c r y s t a l s  have prevented s t r u c t u r a l  d e t e r m i nat i o n s .

The recent report 3 of the use of Sephedax gels for  the  gr owt h
of single c rys ta l s  led us to use this techni que In the c.~se of
[(CH 3C5H4) 2 FeJ[TCNQ ]2 .

Ex~pe r imenta l Sec t !o~~:
The title charge—transfer complex was prepa red by reaction of

l ,l’—dtmethy lferrocene and TCNQ (molar ratio 1:2 , respectively) In
hot  acetonttrile solution. Dark needles were isolated by fil tr a—
t ion of the cooled solution. A portion of (hi. material was dis-

~~lved In a minimum volume of hot acetonttr tie and the resulting
dark green solution was poured into a warm test tube ( 1.5  x 12 cm) .
ImmedIately, Sephadex LH—20 (Pharmacia Fine Chemica l s )  was added I -

until all the acetonitrils had been absorbed. The test tube v.15
,iillowed to cool slowly, and within 30 minutes small rectangular
prisms of the comp lex began growing inside the gel. Aft er one day
at  room temperature , th. gel was then broken up with di sti ll ed water
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and Individual  c ry s t a l s  were removed for s t u d y .

For the pr e p ar at  t on of d imethy l fe rr ocen ium h e x a f lu o r o p hosp ll~lt  C ,

d i m et h y i fe rr o c en e  (4 .0  m m d c )  was oxid i7ed by s t i r r i n g  in d i l u t e
n i t r i c  acid for 2 hour s at  which t ime d issolu t ion  was near ly  corn—
p lot  e . The add i t  ion of . iminon ium hexa f l t i ~ . rop lIosp lIa te to t h e  fil-
tered solution produced a blue—grey precipitate of the PF

6 
sa l t .

(‘Iii s m a t e r i a l .  was tll ~ n rap idly recryst a]  i i  ~.cd f r o m  . inl iy d ro t i s
methano l  to gIve 0.22 g (l5~ yield) of the i’F6 sa l t  as a gr een grey
11eW tI~~ r , whose fo rmu 1 a L ion was con firmed by ci cincn t a 1 ana l ys I s

Ma gnetic proper t ies  were measured u s in g  a PAR v i br a t i n g  samp le
magnetometer .  Temperatures were measured wi th  a c a l i b r a t e d  ga l-
l ium/arsen ide  diode by observing the voltage on a Dana Model 4/ 00
4 .5  p 1 ace d i g i Ia 1. volt meter. Details of the exper i m en t a l  t ot ’h;i I qncs
have bee n g i ven elsewhere. 4

Cry s t a l l og r a p h l c  Sect ion :

Two e n t i r e l y separate sets of data were collected , one at
Argonne National Laboratory and the other at the University of
North  Carolina; the following discussion pertains to the l a t t e r  set ,
since these data were obtained from a crystal synthesized by the
method described above. The two data sets are, however , of corn-
parable  qual i ty ,  and the derived s t ruc tura l  param eters are equal
with standard deviations.

On the basis of precession and Weissenberg photogr aphy , the
intensely dark blue prismatic crystals were assigned to the t n —
clinic system , the space group being either P1 or P1; the former
choice was confirmed by the successful refinement of the structure.
The cell constants , obtained by least-squares methods from the
d!ffractometer settings of twelve reflections With 20(Mo) > 25 ° ,
are a 7.660(2), b — 7.530(2), c — 14.083(4) A, a 83.83(2)°,
B ll0.42(2)°, y — 94.48(2)°. The observations were made at 22°C
with the wavelength assumed as )i(MoKn 1) — 0.70926 A. A densi ty  of
1.3 5(l) g cm 3 observed by flotation in chloroform /dichloromnethane
solutions is in acceptable agreement with the val ue of 1.370 g cm~~
calculated for one formula unit per cell. Hence , i n  spa ce gr oup
P1 the iron atom is constrained to lie on a crystallographic inver-
s io n center .

D i f f r a c t i o n  data were collected from a p r i smat ic  c r y s t a l
hounded by the (001), (001) , (100) , (100) , (010) , and (01 1) face s .
The app rox im. mt e  c r y s t a l  d imens ion s  were 0.51 x 0. 16 x 0 . 1 1 mm I n
the  [ioo], [001], and (oio] d i r e c t i o n s , respec t ive ly .  The c L y s t a l
was mounted a p p r o x i m a t e l y  para l le l  to the c r y s t a l l o g r a p h i c  a a x i s ,
and In t e n s i t y  data were col lec ted  on a Picker four  c i r c l e  a u t o m a t  I c
d i f f r a c t o m e t e r  equipped w i t h  a molybdenum tube and a g r a p h i t e  mono-
ehrt )mat Or . Data were co l lected  by the 0/20 scan t e c h n i que at  a
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scan rate of l .O 0min.~~~. To allow for the presence of both Ku 1 and
Ku2 radiations , peaks were scanned from 1.0° in 20 below the cal-
culated Ku 1 peak position to 1.00 in 20 above the ca l cu l a t ed  Ku 2
peak position. Stat ionary—counter , s t a t i o n a r y — c r y s t a l  back grounds
were counted for 20s at each end of the scans. A unique data set
having 20(MoKa) < 55° was gathered , a total of 3747 reflections
b e in g  col lected.  The Intensities of three s t an d a r d  r e f l e c t ion s ,
examined a f t e r  every 100 reflect ions , rem ain e d  essont: i a !  ly oon~~ an t
th roug hout the  run.

The data were processed by the method of ibers and coworker s .
A f t e r co r rec t ion  for  background , the I n t en s i t i e s  wore as.s igmied  stan-
dard deviat ions as

0(1) [C + 0.25(ts/tb)2(BH + BL
) +

where the symbols have their usual meanings 5 and the value of p was
assigned as 0.04. The values of I and a(L) were 9orrccted for
Lorentz—poiarizatlon effects6 and for absorption. The absor~ t io n
coefficient ~m for these atoms with MoXa radiation is 5.28 cm ’, and
for the sample chosen the transmission coefficients ranged fiom
0.92 to 0.96. Of the 3747 intensities recorded , only 1599 were
independent data with I > 3o(I) ; only these data were used in the
structure analysis.

The structure was solved by direct method s using the hIghes~
256 normalized structure amplitudes (E’s) in the program MULTAN .
Because of some pseudo symmetry, the data with h 2n had to be
scaled separately from those with h — (2n + 1). The resul t ing E—
map revealed the locations of the TCNQ carbon atoms and the iron
atom (constrained to lie on an inversion center). Isotropic refine-
ment of these ositions led to values of the conventional agreeme t
fac tors — £~IFoI— IFc II/tIFo I and R2 — [Ew(IFof_IFcI)2/ Ew(Fo)2]~
of 0.281 and 0.364, respectively. All least—s9uares ~efinementswere on F, the function minimized ,beiQg Ew (IFoJ— IFCI) with the
weight v being assigned as 4Fo2/o’

~SFo
’). The scattering factors

were taken from the usual sourcee.~

The carbon atoms of the methylcyc lopentadienyl moiety were
located in a difference Fourier map. Eventual anisotropic ref [ne—
ment of these atoms led to — 0.072 , R2 — 0.077. Addition of the

four hydrogen atoms in the TCNQ moiety, refined isotropically, gave
— 0.064, R2 — 0.065. At this stage of refinement the C-C r ing

bond lengths in the methy1~yc1opentadienyl moiety were rather short ,
ranging from 1.33 to 1.39 A , and the IJij’s were very large ; these
observations could be attributable to some disorder , which is
extremely common for systems of this type ,~ ° but attempts to reline
a disordered model were unsuccessful. Addition of the remaining

I
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hydrogen atoms led to — 0.059 ; a difference Fourier at t h i s
stage was featureless with no peak higher than 0.5 eA 3.

Do Sc r I ion of t he St r uct U re

The s t ruc tu re  consists of Fe(CH 3C5H4 ) 2 and TCNQ u n i t s .  The
iron atom lies on a crystallographic inversion center. The TCNQ
moieties also lie on inversion centers, there being two c r yst a ] l o -
g r a p h i c a l l y  independent  “ha l. f— TCNQ” moiet ies .  The p a ck in g  of these
fr agments  in the crystal  is shown in Figures 1 and 2. As is  SeeO in
Figure 2 , one TCNQ unit  (A) approaches nei~ hbonin g  iron  atoms
(through its terminal  CN groups) much more closely than does t h e

~ ml~~iL ~~

Figure 1. A view of structure of l,l’—dimethylferrocenlum (TCNQ) 2along the a axis which shows the slipped nature of
the TCNQ stacks.

other (B) . As is seen in the figures , the s t ruc ture  can be viewed
as consisting of chains of C113C5H4 (MeCp) r ings separ ..t ed by pa ra l l e l
chains of TCNQ units;  the direction of the chains is the c rys ta l lo -
graphic a—axis.  The MeCp and TCNQ rings are not normal  to the
cha in direction , however ; in the MeCp chain the ang le between the
norma l to the planes and the a—axis is 9.10, while in the TCNQ
cha in the average value is 14.2 ° .

In the McCp chains , th~.re are two d i s t i n c t  sopar a t ~~on s; 0 t 1io
r i n g s  Invo lved w i t h  any g iven Fe atom are separated by 3. 4 ! A

— 
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FIgure 2. A view of the structure of l ,l’—d imct h y ) f e r r o c e n h i n n
(TCNQ ) 2 along the b axis which shows the pa rallel
stacks of ferrocenium ions and TCNQ u n i t s .

w hile nei ghbor ing  r ings are separated by 3.63 X. The units in  the
TCNQ chains are equally spaced , the center of each ring lying on
an inversion cen te r ;  the separation between each r i n g  center  is
s imply a/2 as measured along a. Since the rings are not norma l to
the cbain direction , however , the in terp lanar separation is oniy
3.23 A.

The two TCNQ units are crystallographically distinct and are
much more precisely determined than the MeCp rings because of the
high thermal motion (or disorder) of the latter. The rings each
display the expected quino idal geometry, with two “double” bonds
and four “single” bonds. ~n the A ring these are of lengths 1 . 3 4 3 ( 1)
and 1.425(6) and 1.433(6) A , respectively, w~i1.e in the B ring the
values are 1.334(7), 1.436(6), and 1.438(6) A, respectively. The
four terminal C—N bond lengths are all very siwilar , with values
of 1.139(6), 1.139(6), 1.140(6) , and 1.145(6) A. There appears to
be a sign if icant d ifference , however, between the extracyclic
nominally double0C—C bonds in the two rings; in ring A this has the
l ength 1.395(6) A, while in ring B it 1. 1.378(6) X. ~I’his small
but signif icant difference , which is independently confirmed in the
Argonne analysis, has been observed by other workers In related
systems” and can be attributed to an increase in radical chara c t e r
on ring A relat ive to that on B. In neutral TCNQ this distance is,
1.314 A , jg~ ~CNQ it is 1.418 X and In the system reported as .I CNQ 2

It  is 1.388 A; hence, it is apparen t that this C~ C d i s t a n c e  Is

L~~~~~ 
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extremely sensitive to electron donation from donors in the cry-
sta l. 1’ In the present case, the observation of apparent ly  greater
donat ion to r ing  A Is en t i re ly  consistent w i t h  the s t r u c t u ra l  fea—
ture noted above that this ring approaches the Fe (MeCp) 2 donor
moiet ies  much more closely than does ring B. A l t e rna t ive ly , this
cr y s t a l l o g r a p hic  result  of uniformly spaced TCNQ mole cules with
a l t e r n a t i ng in t r am o l e cu l a r  bond lengths may r e f l ec t  a Pe ler i s  d i s —
tor t ion  and gap which is stabilized by in t ramolecular  d i s t o r t i o n
in this uniform chain band system which is one—quarter fi lled with
l a rge  on—si te  Coulomb repulsions.12 The de c o n d u c t i v i t y  Is pro-
port i onal  to exp(— ]200 / T)  in agreement wi th  this model.  However ,
i~~sonance Raman da ta  taken with 457.9 rim rad ia t ion  suppor ts  the
formulation TCNQ0~

5 , since the primary Rainari active exocyclic C—C
absorption occurs at 1428 cm~~, a value which is cou~-dstent wit -h a
negat ive charge on TCNQ of 0.42 ± 0.1. 13

Magnetic Properties:

The temperature variation of the ma8netic susceptibility of
a powdered sample of [(CH 3CçH4) 2Fe][TCNQ] 2 was determined in the
temperature range 4.2  to 76~ K. The data are presented in Figure 3
as a p lot of the reciprocal of the molar susceptibil i ty versus
temperature .  The data may be f i t  very precisely by the Curie--Weiss
Law c

where C — Ng2~
2
S(S+1)/3k with g — 2 .837 and 8 — —0 .732 ° . The best

f i t  of the Curie—Weiss Law to the data is shown as the solid l ine
in Figure 3. The average g value determined from the magnetic
susceptibility data agrees nicely with an average g value of 2 .79
which may be calculated from the EPR data for l ,l’-dimethy lferro--
cenium hexafluorophosphate using the expression

~ave
2 

— l/3(g11
2 + 281

2)

and the observed g11 — 4.002 and g1 — 1.92. 14 For the purpose of

comparison , magnetic susceptibility data for l ,1’— d lm et hy lferro—
cenium hexafluorophosphate are p lotted as open squares in Figure 3.
The close agreement of the data for the two compounds leads to
the conclusion that the susceptibility in this temperature region
Is dominated by the l ,1’—di inethy lferrocenium cat ion , and more
remarkab ly, to the conclusion that these cat ions , a l though packed
closely in the crystal  s t ructure , do not exhibit  ap p r e c i a b l e  in ter -
molecular spin—spin interactions. 
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Figure 3. The inverse susceptibility of 1,l’—dimethylferroceniuin
(TCNQ)

2 
(+) and l,l’—dimcthylferroceniwn (PF6

)
2
(~~ as a

function of temperature. The solid line Is the best fit
to the Curie—Weiss law for the TCNQ charge transfer coin—
pound .

Acknowle4gement

This work was supported in par t  by the Off ice  of Naval Research ,
the National Science Foundation , and the Department of Energy .

References

1. L. R. Melby, R. J. Harder , W. R. Hertler , W. Mahier , R. E. Ben-
son , and W. E. Mochel , J. Amer . Chem. Soc. , 84 , 3374 (1962).

2. J. S. Miller , A. H. Reiss , Jr., and C. A. Candela , Lecture
Notes in Physics , in press.

3. 0. R. Des i raju , D. Y. Cur t in , and I. C. Paul , J. Ame r .  (h em.
Soc., 99 , 6148 (1977).

4 . D. B. i,osee and W. E. Hatf ield , Phys. Rev. B , .iq , 2 12 (1974) .

• 
~i. P. W. R. Co r f i e l d , R. J. Doedens , and J. A. Ib er s , Tnorg. Cl,t’m.,

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ r -



- ~~~~~~~~~~~~~~~~~~~ -~ 
-. •---

~~~
- — —

$

6, 197 (1967).

6. S. A. Coldficld and K. N. Raymond , lnorg. C h em . ,  10 , 2604 (19/I).

7. For a description of t hc’ programs used , see D. l~. l ewi s and
D. •J . tiod g~$on , Tnorg .  ( he m .  , 13, 143 ( 1 9 1 6) .

8. P. Main , M. M. Woolfson , and 0. Cermaln , “MULTAN: A Co nplller
Program for the Autom at  Ic Solut ion of Cr y s t a l  St r od ores ” ,
Univer sity of York , Eng l and .

9. “ Tnt. erna  t I ona I Tables for X—ray Crysta l lo~ ra 1)I1y ” , Vol . IV ,
Kynoch Press, Bi rmingham , Eng land .

10. F. Herbstt’ln , In “Perspectives in Structural Chemistry”, Vol .
IV , J. D. Dun i t z  and J. A. Ibers , eds., pp. 166—395.

ii. R. P. Shibae va , L. 0. Atovmyan , and V. I. Ponoma rev, Zh.  Si r.
Khim ., 16 , 860 (1915) and references therein.

12. E. M. Connel.l, A. J. Epstein, and 14. J. Rice , Proc. tnt . Conf.
on Quasi—One-Dimensional Conductors , Dubr ovnlk , Yugosl.avia ,
Sept. 4—8, 1978. (Springer—Verlay , to be published).

13. T. 17. Cape and R. P. Van Dyne, private communication .

14. D. 14. Duggan and D. N. Hendrickson , Inorg. Chest., 14, 955 (1975).

ii ~ — .~~~~ 
-=—.. ~~~~~~~~~~~~~~~~~~~~~~~~~~~ . Z— ~~~-----—-- ----



. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~ ______

TECH N I CAL REPORT D X S T R I B U T Z O N  L I S T ,  CEN
- 

No.
C o p i e s ~~p ies

O ffice of Naval Research Defense Documentation Center
800 North QuLncy Street Building 5, Cameron Station
Ar li ngton , V ir gi n ia 2 2 2 17  A l e x a n d r ia , V ir g in ia 22314 12
A t t n :  Code  4 7 2  2

U.S. Ar m y R ese a r c h  O f f ic e
ONR Branch Office P.O. Box 121 1
536 S. Cl ark Street Research Triangle Park , N.C. 27709
Ch icago , Ill inois 60605 Attn: CRD—AA— IP 1
Attn: Dr. George Sandoz I

Naval Ocean Systems Cente r
ONR Bran c h O f f ice San D iego , Cal if o r n i a  92152
715 Broadwa y Attn: Mr. Joe M cCar tney  1
New Y o r k , New York  10003
At tn : Scientific Dept. 1 Naval Weapons Center

China  Lake , Cal ifo r ni a 93555
ONR Branch Office Attn: Dr. A. B. Amster
1030 East Green Street Chemistry Division 1
Pa sadena , Cal i f o rn ia 91106
t~ttn: Dr. R . ,T . Marc us 1 Naval Civil Engineering Laboratory

Por t  Hue neme , C a l i f o r n ia 9340 1
ONR Ar ea Office Attn: Dr. R. V . Drisko 1
One N a lli d i e Plaza , S u i t e  601
San F r a n c i sco , California 94102 Professor K. E. Woehler
At tn: Dr. P. A. Miller 1 Depar tment of Physics & Chemistry

Naval Pos tgraduate School
ONR Branc h Office Mon terey, C a l i f o r n ia 93940 1
Bu i l d I n g  114 , Sec t ion D
666 Summer S t ree t Dr . A. L . Slafko .ky
Bost on , Massa chuse tt s 02210 Scien t if ic Adv isor
At tn : Dr. L. H. Peebles 1 Commandant of the Marine Corps

(Cod, RD-i)
D i r e c tor , Naval Research Labora tory Washington , D .C. 20380 1
Washington , D.C. 20390
A ttn: Code 6100 1 Office of Naval Research

800 N. Ouincy Street
Th e Assistant Secretary of the Navy Arlington , Vi rg in ia  22217

(R , E&S) Attn : Dr. Richard S. Mil l er 1
Depar tm en t of t he Navy
Room 4E736, Pentagon Naval Ship Research and Development
Wash ing t on , D.C. 20350 Cen ter

Annapolis , M a r y l a n d  2140 1
C o m m a n d e r , Naval Air Sys tems Command Attn: Dr. C . Bosmaj ian
Depar tment of the Navy A pp lied Chemis try Divi t io n 1
W a s h i n g ton , D.C. 20360
A ttn: Code 310C (H. Rosenwasser) 1 Naval Ocean Sys tems Center

San Diego , C a l i f o r n i a  9 1232
Attn: Dr . S. Yamamoto , Marine

Sciences Division 1



. ---
~~~~-—~‘.r’-— ________________________________ _________________________________ _________

— —fl- 
~~~~~~~~~~~~~~~~~~~ 

- - -

TECHNICAL REPO RT DISTRIBUTI ON LiST 1 053

Cop ies Copies

Dr . R. N. Crimea Dr. H. H. Ch ishoim
U niversity of Virginia Department of Chem istry
Department of Chemistry Ind iana Un iv e r s it y
Char lottsvil le , Virginia 22901 1 Bloomington , Indiana 47401

Dr . 14 . T su t su i  D r .  B. F o x m a n
Texas A 6M University Brand eis Un iv e r s it y
Department of Chemistry Depar tment of Chemistry
C o l l e g e  S t a t i o n , T e x a s  7 7 8 4 3  1 W a l t h a m , M a s s a c h u s e t t s  02154

Dr . N .  F .  H a w t h o r n e  D r .  T. M a r k s
Un iversity of California Northwestern University
Department of Chemistry Depar tmen t of Chemis t r y
Los An geles , Cal ifornia 90024 1 Evanston , I l l ino is 60201

Dr . D. B. Brown Dr. C. Geoffrey
Un ivers it y of Vermon t P ennsy lvan ia State University
Depar tmen t of Chem i s t r y  Department of Chemistry
Burlington , Vermo nt 05401 1 University P a r k , P e n n s y lva nia 16802

Dr. V. 8. Fox Dr. 3. Zuckerman
Nav al R esea r c h  Labor at o r y  Univers ity of Oklahoma
Chem istry Division Department of Chemistry
Code 6130 Norman , Oklaho m a 73019
Washington , D.C. 20375 1.

Professor 0. T. Beach ley
Dr. J. Ad cock Department of Chemistry
Un iversity of Tennessee State University of New York
Depar taent of Chemistry Buffalo , New Y~ rk  14214
Knoxv ille , Tennessee  39716

Professor P. S. Skell
Dr. V. Hatfield Depar tment of Chemistry
Un iv e r s it y of ~br th Carolina The Pennsylvania State University
Department of Chemistry Univers ity Park , P e n n s y lvan ia 16802
Chape l  H ill , Nor th Carolina 27514 1.

Professor K. M . Nicholas
Dr. D. Seyfer th Department of Chemistry
Massachusetts Institute of Bos ton Co l l ege

Technology Ches tnut Hill , Massachu s etts 02167
Depar tment of Chemistry
Cam b r i d g e , Massachuse tts 02139 1

t 
_________________________________________________________________ ___________

- ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 
-: 

~~~~~~ ~~~~~~~~


